Treating patients with novel biological agents is becoming a leading trend in oncology. Unlike cytotoxic agents, for which efficacy and toxicity monotonically increase with dose, biological agents may exhibit non-monotonic patterns in their dose-response relationships. Using a trial with two biological agents as an example, we propose a dose-finding design to identify the biologically optimal dose combination (BODC), which is defined as the dose combination of the two agents with the highest efficacy and tolerable toxicity. A change-point model is used to reflect the fact that the dose-toxicity surface of the combinational agents may plateau at higher dose levels, and a flexible logistic model is proposed to accommodate the possible non-monotonic pattern for the dose-efficacy relationship. During the trial, we continuously update the posterior estimates of toxicity and efficacy and assign patients to the most appropriate dose combination. We propose a novel dose-finding algorithm to encourage sufficient exploration of untried dose combinations in the two-dimensional space. Extensive simulation studies show that the proposed design has desirable operating characteristics in identifying the BODC under various patterns of dose-toxicity and dose-efficacy relationships.
Introduction
The paradigm of oncology drug development is expanding from traditional cytotoxic agents to biological agents (Hoff and Ellis, 2007; Mandrekar and Sargent, 2009 ). Examples of biological agents include biospecimens targeting a specific tumor pathway, gene products aiming for DNA repair, and immunotherapies stimulating the immune system to attack a tumor. These novel agents differ from traditional cytotoxic agents in a variety of ways. For example, whereas toxicity and efficacy typically monotonically increase with the dose level for cytotoxic agents, such monotonic relationships may not be true for biological agents. Specifically, toxicity may increase at low dose levels and then approximately plateau at higher dose levels when the biological agent has reached the saturation level in the body. In addition, the dose-efficacy curves for the biological agents may follow a non-monotonic pattern, and efficacy may even decrease at higher dose levels (Hoff and Ellis, 2007) . Therefore, traditional dose-finding designs with a focus on finding the maximum tolerated dose (MTD) are not suitable for trials of biological agents. Novel designs that consider both the toxicity and efficacy of these agents are imperative.
Numerous designs have been proposed to find the MTD for the drug combination trials with cytotoxic agents. Kramar et al. (1999) proposed monotonically ordering of a selected subset of drug combinations so that standard dose finding method can be used. Thall et al. (2003) developed a six-parameter logistic regression model of the toxicity probability to identify an entire toxicity "contour" of drug combinations. Conaway et al. (2004) examined the simple and partial orders for drug combinations based on the pool adjacent violators algorithm. Wang and Ivanova (2005) proposed a two-stage design to identify the MTD combinations based on a loglinear model for toxicity probabilities. Yuan and Yin (2008) proposed a sequential dose-finding design that allows single-agent dose-finding methods to be used in multiple-agent combination trials. Yin and Yuan (2009) proposed a Bayesian dose-finding design based on a copula-type regression model. Braun and Wang (2010) proposed a hierarchical model that explicitly accounts for patient heterogeneity. Recently, Wages et al. (2011) extended the continual reassessment method (CRM) to two-dimensional dose finding by converting a partially ordered two-dimensional dose space into a series of fully ordered dose sequences. In contrast to this rich body of literature for cytotoxic agents, published research on drug combination trial designs for biological agents has been very limited. Mandrekar et al. (2007) proposed a dose-finding design for trials evaluating com-binational biological agents based on a continuation ratio model, but that design requires collapsing binary toxicity and efficacy outcomes into a trinary outcome.
Our research is motivated by a drug combination trial at The University of Texas MD Anderson Cancer Center for patients diagnosed with relapsed lymphoma. The trial combined two novel biological agents, A and B (their names are masked to maintain confidentiality), that target two different components in the PI3K/AKT/mTOR signaling pathway. This pathway has been associated with several genetic aberrations related to the promotion of cancer (Ihle and Powis, 2009 ). Agent A is a PI3K kinase inhibitor and agent B is a downstream inhibitor of mTOR kinase within that pathway. Research has suggested that some types of lymphomas are promoted and maintained by the activation of the PI3K/AKT/ mTOR pathway, making the pathway an important target for drug development (Smith et al., 2010) . Both agents A and B have individually demonstrated a partial inhibition of the pathway and some therapeutic activity. By combining these two agents, the investigators expect to obtain a more complete inhibition of the PI3k/AKT/mTOR pathway, and thereby to achieve better treatment responses. The trial investigates the combinations of 4 dose levels of agent A with 4 dose levels of agent B, which results in 16 dose combinations. The goal is to find the biologically optimal dose combination (BODC), defined as the dose combination with the highest efficacy and tolerable toxicity (e.g., with a toxicity probability < 0.3). We note that, depending on the clinical setting, other defi-nitions of BODC (e.g., based on a toxicity-efficacy tradeoff) may be more appropriate for different clinical trials. For this trial, the physicians expect the toxicity of the combinations to increase at low doses and become (approximately) flat at high doses, and they consider the possibility that the dose-efficacy curve of the combinations may be non-monotonic (i.e., the dose with the highest efficacy is not necessarily the highest dose).
We introduce a dose-finding design to identify the BODC for oncology trials of combinational biological agents. The proposed design explicitly accounts for the unique properties of biological agents. We propose a change-point model to reflect the property that the dose-toxicity surface of the combinational agents may plateau at higher dose levels, and use a general logistic model with quadratic terms to accommodate the possible nonmonotonic pattern of the dose-efficacy relationship. Our design is conducted in two stages: in stage I, we escalate doses along the diagonal of the dose combination matrix as a fast exploration of the dosing space; in stage II, based on the observed toxicity and efficacy data from stages I and II, we continuously update the posterior estimates of toxicity and efficacy and assign patients to the most appropriate dose combination. We propose a novel dosefinding algorithm to encourage sufficient exploration of the two-dimensional dose space, which facilitates the identification of the BODC. Extensive simulation studies show that the proposed design has desirable operating characteristics in identifying the BODC under various patterns of dose-toxicity and dose-efficacy relationships.
The remainder of this paper is organized as follows. In Sections 2 and 3, we introduce the probability models and the dose-finding design for finding the BODC. In Section 4 we apply our design to the lymphoma clinical trial and examine the design's operating characteristics through extensive simulation studies and sensitivity analysis. We conclude with a brief discussion in Section 5.
Methods

Modeling Toxicity and Efficacy
Consider a trial combining J doses of biological agent A, denoted by a 1 < a 2 < ⋯ < a J , with K doses of biological agent B, denoted by b 1 < b 2 < ⋯ < b K . Without loss of generality, we assume J ≥ K and that the dose values of the a j 's and b k 's have been standardized to have mean 0 and standard deviation of 0.5. This standardization is used to anticipate the prior elicitation in Section 2.2. Let (a j , b k ) denote the combination of dose a j and dose b k , and let p jk and q jk denote the toxicity and efficacy probabilities of (a j , b k ), respectively, for j = 1, 2, …, J, and k = 1, 2, …, K. Here, toxicity and efficacy are two binary events that reflect the side effects (toxicity) and therapeutic effects (efficacy) of the biological agents. Therefore, p jk and q jk are simply the probabilities of the toxicity event and efficacy event, respectively, at dose combination (a j , b k ). The goal of the trial is to identify the BODC in the J × K dose combination matrix.
2.1.1. Dose-toxicity Model-Previous research has shown that, for the purpose of dose finding, as data are observed only at the discrete doses prespecified in the trial, the choice of the dose-toxicity model is not critical as long as the model is (i) adequately flexible to capture the basic feature of the dose-response curve and (ii) reasonably parsimonious to accommodate small sample sizes of dose-finding trials (O'Quigley et al., 1990; Paoletti and Kramar, 2009) . When modeling the dose-toxicity relationship for biological agents, the basic feature that needs to be taken into account is that the dose-toxicity curve may initially increase at low doses and then plateau at high doses. In this article, we consider two candidate dose-toxicity models that can capture this feature of biological agents. As we show later, these two models work equally well and yield very similar operating characteristics. The first model is the change-point model of the form (1) where I(·) is the indicator function and β 0 ,β 1 ,β 2 and ω are unknown parameters. Under this model, the shape of the dose-toxicity surface initially is monotone with the dose level but changes to flat once it passes the threshold defined by β 0 + β 1 a j + β 2 b k = ω (see Fig. 1 ). We assume that β 1 > 0 and β 2 > 0 such that the toxicity probability initially increases with the doses of A and B before it plateaus, at which time the toxicity probability is given by e ω /(1 + e ω ).
The second candidate model we considered for the dose-toxicity curve is the scaled-logistic model given by (2) where β 1 > 0, β 2 > 0 and β 0 are regression parameters, and 0 < ρ ≤ 1 is the scale parameter.
Under this model, the toxicity probability first increases with the dose levels of agents A and B and then eventually plateaus at the toxicity probability ρ (see Fig. 1 ).
The change-point model and the scaled-logistic model are parsimonious. They both have 4 unknown parameters, just one parameter more than the standard logistic model (with two covariates). The extra parameter (i.e., ω or ρ) is used to capture the potential plateau behavior of the dose-toxicity curve. In these two models, we do not include an interactive effect for the two agents (e.g., an interaction term β 3 a j b k ) because the reliable estimation of such an interaction term requires a large sample size (e.g., a few hundreds), which is typically not available in phase I trials. For the purpose of dose finding, we do not seek to model the entire dose-toxicity surface but aim to obtain an adequate local fit to facilitate dose escalation and de-escalation. A model may provide a poor global fit to the entire dosetoxicity surface; however, as long as the model provides a good local fit around the current dose, it will lead to correct decisions of dose escalation and selection. In the context of drug combination trials, Wang and Ivanova (2005) found that a model without interaction performed as well as one with interaction for dose finding.
Dose-efficacy
Model-For biological agents, the dose-efficacy curve often follows a non-monotonic pattern. For example, in immunotherapy trials, the dose-efficacy relationship could be bell-shaped. That is, the most effective dose may be a dose in the middle of the therapeutic dose ranges, and when a dose level is lower or higher than the most effective dose, efficacy decreases. To incorporate such a non-monotonic pattern for the dose-efficacy relationship, we assume that the efficacy probability of (a j , b k ), that is, q jk , follows a logistic model of the form (3) where γ 0 , …, γ 4 are unknown parameters. The quadratic terms render the model adequate flexibility to capture the non-monotonic shape of the dose-efficacy surface. In this doseefficacy model, we exclude the interaction effect a j b k for the same reason described previously.
Likelihood and Prior Specification
Suppose that at a certain stage of the trial, among n jk patients treated at the paired dose (a j , b k ), x jk and y jk patients have experienced dose-limiting toxicity and efficacy, respectively, where j = 1, ⋯, J and k = 1, ⋯, K. Let = {β 0 ,β 1 , β 2 } and γ = {γ 0 , γ 1 , γ 2 , γ 3 , γ 4 } denote the regression coefficients in models (1) and (3). The likelihood function of the observed data D = {x jk , y jk } can be expressed as Let f(ω), f(β), and f(γ) denote the prior distributions for ω, β, and γ, respectively. Assuming prior independence among ω, β, and γ, we write the joint posterior distribution as from which the full conditional distributions can be obtained. The Gibbs sampler will be used to obtain posterior draws of unknown parameters for statistical inferences.
For the prior specification of the efficacy model, we assign γ a weakly informative default prior recommended by Gelman et al. (2008) . That is, γ 0 ∼ Cauchy(0, 10), and γ 1 , ⋯, γ 4 ∼ Cauchy(0, 2.5), where Cauchy(c, d) denotes a Cauchy distribution with the center parameter c and the scale parameter d, assuming that doses a j and b k have been standardized with mean 0 and standard deviation 0.5. The advantages of using these priors include that they are weakly informative and also appropriately regularized such that a dramatic change in efficacy probability (e.g., from 0.01 to 0.5) is unlikely when dose changes by one level. Consequently, using the weakly informative default priors improves the estimation stability while still being vague enough to ensure that the data are able to dominate the priors (Gelman et al., 2008) .
For the toxicity models (1) and (2), we use the weakly informative default prior Cauchy(0, 10) for intercept β 0 . We assign β 1 and β 2 independent gamma prior distributions with the shape parameter of 0.5 and the rate parameter of 0.5 to ensure the monotonicity before the dose-toxicity surface reaches the plateau. To specify a prior for ω in model (1), we assume that the toxicity probability at the plateau is between 0.2 and 0.8, which corresponds to a value of ω ranging from -1.39 to 1.39. Thus, we assign ω a normal prior N(0, 4), which provides sufficient coverage for all plausible toxicity probabilities at the plateau. We specify a uniform prior on (0, 1] for the scale parameter ρ in the scaled-logistic model (2).
Trial design
The proposed dose-finding design consists of two stages. Stage I is a run-in period, in which the goal is to explore the dose-combination space quickly and collect preliminary data so that the proposed probability models can be reliably estimated in stage II for systematic dose finding. We start stage I of the design by treating the first cohort of patients at the lowest dose combination (a 1 , b 1 ), and then escalate the dose along the diagonal of the dose combination matrix until we encounter a dose combination that violates the safety requirement (4) where ϕ denotes the target toxicity upper limit and δ is a prespecified safety cutoff. If the dose matrix is not square (i.e., J > K), we first escalate the dose along the diagonal from (a 1 , b 1 ) to (a 2 , b 2 ) and so on until we reach (a K , b K ); thereafter we escalate the dose by holding the dose level of B at K and increasing the dose level of A from (a K , b K ) to (a K+1 , b K ) and so on until we reach the highest dose combination (a J , b K ). In stage I, only a small fraction of patients are enrolled into the trial and the observed data are sparse. Therefore, in this stage, we evaluate the safety requirement based on a simple beta-binomial model rather than the proposed dose-toxicity models. Specifically, we assume that the number of toxicities x jk follows a binomial distribution Bi(n jk , p jk ), and that the toxicity probability p jk follows a beta distribution Beta(ζ, ξ) with two shape parameters ζ and ξ. To ensure that the data dominate the posterior distribution, we set ζ=0.1 and ξ=0.2. Under the beta-binomial model, Pr(p jk < ϕ| = ℬ(ϕ|ζ + x jk , ξ + n jk − x jk ), where ℬ(·) is the cumulative density function for a beta distribution. In stage I we also collect efficacy data; however, these data will not be used to determine the dose escalation. Whenever a dose combination (a j , b k ) violates the safety requirement, i.e. Pr(p jk < ϕ| ≤ δ, or we reach the highest dose combination (a J , b K ), stage I is complete and the trial moves on to stage II. Under this conservative stage I completion rule, the maximum number of patients allocated to the dose that violates the safety requirement will be not more than one cohort, which is comparable to the conventional 3+3 design. In the conventional 3+3 design, we treat patients in cohort of size 3 based on the following dose transition rule: escalate the dose if 0 out of 3 patients experiences toxicity, deescalate the dose if 2 or more out of 3 patients experience toxicity, and treat 3 more patients at the current dose if 1 out of 3 patients experiences toxicity. Therefore, stage I does not pose particular safety concerns although we escalate the dose along the diagonal.
In stage II of the trial, we invoke the toxicity and efficacy models described in Section 2 for systematic dose finding. Stage II dose finding is highlighted by two features. First, the proposed algorithm encourages the exploration of untried dose combinations to avoid the problem of trapping in suboptimal doses, which is of particular concern for combinations of biological agents. Because of complex drug-drug interactions and non-monotonic doseresponse patterns, the assumed (simple) dose-response model is not expected to estimate the dose-response surface well, especially at the beginning of the trial when only a few observations are available. Consequently, the resulting estimates of efficacy and toxicity may substantially deviate from the truth, and the "optimal" dose identified based on these estimates may actually be a suboptimal dose. In other words, the dose with the highest estimate of efficacy is not necessarily the one actually having the highest efficacy. By intentionally visiting untried dose combinations, the proposed method increases the chance of finding better combinations and avoids trapping in suboptimal doses. Second, we introduce a concept of g-degree neighbor and g-degree admissible neighbor to restrict the dose escalation/deescalation within the neighbors of the current dose, which avoids dramatic dose changes and improves the reliability of the dose finding.
Specifically, given the current dose combination (a j , b k ), we define g-degree neighbors of (a j , b k ), denoted by g , as dose combinations {(a j′ , b k′ )} whose dose levels are different from (a j , b k ) no more than g levels, i.e., g = {(a j′ , b k′ ) : |j ′ −j| ≤ g and |k ′ −k| ≤ g}. Note that the dose set of g includes the current dose combination itself. We further define a gdegree admissible dose set g = {(a j′ , b k′ ) : (a j′ , b k′ ) ∈ g , Pr(p j′k′ < ϕ T | ) > δ}, which is a subset of the g-degree neighbors g satisfying the pre-specified safety requirement Pr(p j′k′ < ϕ T |D) > δ. That is, g contains the safe g-degree neighbors of the dose combination (a j ,
Let N denote the prespecified maximum sample size, N 1 denote the number of patients in stage I, and N 2 = N − N 1 be the total number of patients available for stage II. Then the proposed dose-finding algorithm for stage II is described as follows:
a. Based on the accumulated trial data, we determine the dose set g* , where g* = min{g: g ≠ Ø, g ≥ 1}. That is, g* is the nonempty admissible set with the smallest degree g*. If g*. does not exist, i.e., all investigational doses violate the safety requirement, we terminate the trial.
b. In g* , we identify the combination (a j* , b k* ) that has the highest posterior mean of efficacy rate under the safety constraint (j * − j) + (k * − k)≤ 1 (i.e., the total dose escalation for two agents cannot more than one level).
c. If combination (a j* , b k* ) has not been used to treat any patient thus far, or all doses in g* have been used to treat patients, we assign the next cohort of patients to (a j* , b k* ). However, if (a j* , b k* ) has been used to treat patients and there are some untried doses in g* , we assign the next cohort of patients to (a j* , b k* ) only if (5) where n 2 is the total number of patients that have been treated in stage II and α is a known tuning parameter controlling how stringent the threshold is; otherwise, (a j* , b k* ) will be excluded from the admissible set g* and we return to step 2.
d. We continue the above steps until exhaustion of the sample size, and select as the BODC the dose combination with the highest value of ^q jk and satisfying the safety requirement Pr(p jk < ϕ| ) > δ.
Remark 1
The dose assignment rule (5) plays a key role in adaptively encouraging the exploration of untried doses and avoiding the problem of trapping in suboptimal doses during dose finding. At early phase of stage II, n 2 is small and thus the value of {(N 2 − n 2 )/N 2 } α is close to 1. Consequently, rule (5) strongly encourages the exploration of untried doses. This is a sensible action because at the beginning of stage II the efficacy estimate is of large variability, and we should give high priority to using new doses rather than putting too much faith in the point estimate Toward the end of the trial (i.e., n 2 ≈ N 2 ), we have more precise estimates of based on the accumulated data. As {(N 2 − n 2 )/N 2 } α approaches 0, we essentially assign incoming patients to the dose combination with the highest value of ^q jk because rule (5) is almost always satisfied. In rule (5), the tuning parameter α controls how fast {(N 2 − n 2 )/N 2 } α decays from 1 to 0. The value of α can be calibrated to obtain desirable operating characteristics.
The rule (5) provides a pragmatic strategy to balance two competing goals of the trial: to achieve high statistical power and to maintain strong ethic for patients. On one hand, to achieve high power of identifying the BODC, we should distribute patients evenly among dose combinations to learn the efficacy and toxicity profile of the entire dosing surface; and on the other hand, to maintain strong ethic, we should concentrate patients at the dose with the highest efficacy and lowest toxicity. The proposed adaptive rule balances the two goals. It renders the design to gain power rapidly at the beginning of the trial, and then, after reaching adequate power (and more reliable estimates), to focus on allocating patients to the best dose. A formal approach would be to specify a utility function as the tradeoff between the statistical power and ethic, and then optimize the dose assignment according to the value of the utility. Nevertheless, the specification of such utility could be also subjective and varying by case.
We summarize both stages of the proposed design in Box 1.
Box 1 The proposed algorithm for finding BODC
The trial starts with the treatment of the first cohort of patients at the lowest dose (a 1 , b 1 ). Suppose that patients are being treated at dose (a j , b k ). A dose is safe if Pr(p jk < ϕ| ) > δ; otherwise, the dose is deemed toxic. 
Stage I Run-in Period
I1
Stage II Systematic Dose Finding
II1 Based on the observed data, identify g* as the nonempty set of safe neighbors of (a j , b k ) with minimum degree g * . If g* does not exist (i.e., all experimental doses are deemed toxic), terminate the trial. 
Numerical Studies
Operating Characteristics
We conducted extensive simulations to evaluate the operating characteristics of the proposed dose-finding design. We examined three major components of the design, including the dose-toxicity model, the dose-assignment rule and the start-up rule, by comparing the proposed design (with the change-point dose-toxicity model) to three alternative designs. These alternative designs were obtained by replacing each of the components with an alternative approach. Specifically, we considered (i) a scaled-logistic design, in which we used the scaled-logistic model (2) rather than the change-point model (1) to model the dosetoxicity relationship. This comparison evaluates the sensitivity of the proposed design to the alternative model specification; (ii) a "greedy" design, in which we replaced the proposed adaptive dose assignment rule (described in Step II3 in our design) with a "greedy" doseassignment rule that always assigns patients to the dose with the highest estimate of efficacy. Technically, this means that the greedy design replaces the rule (5) with so that the dose with the highest efficacy among admissible dose set g* * is always selected; (iii) a zone-based design, in which we replaced our start-up rule (i.e., dose escalation along diagonal) with the zone-based start-up rule (Huang et al., 2007; Wages et al., 2011) . The goal of this comparison is to evaluate the performance of the proposed start-up rule. As shown in Fig. 2 , the basic idea of the zone-based start-up rule is that, based on the partial order of the dose-toxicity relationship for the drug combinations, we can divide the dose combination matrix into zones and conduct dose escalation among zones (i.e., if the doses in one zone are deemed safe, we escalate to the next higher zone). For doses within zones, as their toxicity probabilities are not ordered, patients are equally allocated to these doses. The details of the zone-based start-up rule can be found in Huang et al. (2007) and Wages et al. (2011) .
We considered trials combining two biological agents, A and B, each with 4 dose levels. The maximum sample size was 45 and patients were treated in cohorts of size 3. We set the toxicity upper limit ϕ = 0.3. In the proposed design, we set the safety cutoff δ = 0.4 and the tuning parameter α = 2, and used 2,000 posterior samples of unknown parameters ω, β, and γ to make inference after 1,000 burn-in iterations. We investigated 6 different dose-toxicity and dose-efficacy scenarios, as shown in scenarios 1-6 in Table 1 (scenarios 7-12 were prepared for the sensitivity analysis). These scenarios were arbitrary constructed (not generated from the proposed dose-toxicity and dose-efficacy models) to simulate various shapes of the dose-toxicity and dose-efficacy relationships. In scenario 1, the dose-toxicity surface initially increases with the dose levels of agents A and B and then plateaus at some higher doses of the dose combination matrix with a toxicity probability of 0.25; while the dose-efficacy relationship is non-monotonic, characterized by efficacy monotonically increasing with agent A but not with agent B. Scenario 2 shares the same dose-toxicity profile with scenario 1 but possesses a different shape of the dose-efficacy surface. Scenario 3 shares the same dose-efficacy profile with scenario 1 but assumes monotonic dose-toxicity relationship for both agents A and B. In scenario 4, the dose-toxicity surface plateaus at the right upper corner of the dose combination matrix with a toxicity probability of 0.25 and efficacy monotonically increases with dose levels for both two agents. In scenario 5, the dose-toxicity surface becomes flat at high dose levels, which are overly toxic. In scenario 6, we consider the case in which all the doses at the right upper corner of the matrix are toxic. Under each scenario, we carried out 2,000 simulated trials for each of the designs. We used C++ to implement the proposed design; the simulation code is available for access via the journal web site.
The simulation results for scenarios 1-6 are summarized in Table 2 , including the selection percentage of the BODC, the percentage of patients allocated to the BODC, the average efficacy rate, the number of patients assigned to over-toxic doses, and the total numbers of patients assigned in stage I and stage II of the trial. The detailed results including the selection percentage of each dose combination and the percentage of patients assigned to each dose combination are provided in the supplementary materials.
In scenario 1, the target BODC is (a 4 , b 2 ). Among the four designs, the proposed design and scaled-logistic design performed best with the comparable selection percentages of the BODC (36.2% versus 37.0%), the same percentage of patients (17.3%) allocated to the target dose combination, and similar average efficacy rates (33.3% versus 32.9%). These results suggest that the choice of the dose-toxicity model is not critical as long as the model is able to capture the basic feature of the dose-toxicity relationship. The greedy design performed poorly. Compared to the proposed design, its selection percentage of the BODC was 12.1% lower, with 7.1% less patients allocated to the BODC. The poor performance of the greedy design was due to the use of the greedy dose assignment rule, which often caused the design to be trapped at the suboptimal doses (such as (a 4 , b 4 ), see Table 1 in the supplementary materials). This result demonstrates that the proposed dose assignment rule (which adaptively encourages new dose exploration) is useful to avoid trapping in suboptimal doses and improve the overall performance of the trial design. The zone-based design performed well in selecting the BODC, but poorly in terms of allocating patients to the BODC and the average efficacy rate. The percentage of patients allocated to the BODC under the zone-based design was less than one half of that of the proposed design. The poor performance of the zone-based design was caused by the use of the zone-based start-up rule, which requires assigning patients to all dose combinations in a zone before escalating to the next higher zone. As a result, too many patients were assigned to futile doses. This is confirmed by the results that almost 14 cohorts of patients were assigned in stage I (i.e., the start-up phase) and less than two cohorts of patients were assigned in stage II when the zone-based design was used.
Similar results are observed in the remaining five scenarios. That is, the proposed design and the scaled-logistic design were comparable and yielded the best performance. The greedy design was often trapped in suboptimal doses and led to low selection percentages of the BODC and low percentages of patients allocated to the BODC. In some scenarios, such as scenarios 4 and 6, the greedy design performed very well, but that is because the target dose combination happens to be on the dose-escalation path of the start-up phase (i.e., the diagonal of the dose matrix), under which the exploration of the dose space is not actually needed. Zone-based design yielded high selection percentages of the BODC comparable to the proposed design, but performed poorly in assigning patients to the BODC and efficacious doses. It tended to use too many patients at the start-up phase and allocate patients to futile doses.
Sensitivity Analysis
To further evaluate the robustness of the proposed design, we considered 6 additional dosetoxicity and dose-efficacy scenarios (i.e., scenarios 7-12 in Table 1 ), which were systematically generated based on probit models. Specifically, we generated the true toxicity probability from Φ −1 (p jk /ρ) = β 0 + β 1 a j + β 2 b k , where Φ −1 (·) is the inverse cumulative distribution function of the standard normal distribution; and the true efficacy probability from
The simulation results (Table 3) show that the proposed design consistently outperformed the greedy and zone-based designs with the highest selection percentage of the BODC and the highest percentage of patients allocated to the BODC. Again, the scaled-logistic design exhibited similar operating characteristics as the proposed design, which further confirms that the proposed change-point model and scaled-logistic model worked equally well for the purpose of dose finding.
We model toxicity and efficacy outcomes marginally without accounting for the correlation between these two endpoints. To assess the robustness of our design to dependence between toxicity and efficacy, we conducted a sensitivity analysis with correlated toxicity-efficacy data. We generated correlated toxicity and efficacy data (x jk , y jk ) based on a bivariate Gumbel model (Murtaugh and Fisher, 1990) where a, b ∈ {0, 1} and ψ is a real-valued parameter controlling the correlation between toxicity and efficacy; and then applied our methods (modeling toxicity and efficacy outcomes independently) to the simulated correlated data. In the Gumbel model, we set ψ = 3 to induce a high correlation between the toxicity and efficacy endpoints, and for ease of comparison we matched the marginal toxicity and efficacy probabilities, p jk and q jk , to those in scenarios 1 through 6 listed in Table 1 . The results with the correlated toxicity and efficacy data (see Table 3 in the supplementary materials) were very similar to their counterparts with independent data (see Table 1 in the supplementary materials). The differences in the selection probabilities of the BODC were mostly less than 3% in all scenarios. These results suggest that the independence assumption between toxicity and efficacy has negligible effects on the performance of our design.
Conclusions
We proposed a new Bayesian dose-finding design for trials that evaluate combinational biological agents. The proposed design explicitly accounts for the unique properties of biological agents. A change-point model is used to capture the feature that the dose-toxicity surface of biological agents may plateau at high dose levels, and a second-order logistic model is employed to accommodate non-monotonic patterns for the dose-efficacy relationship. We proposed a novel dose-finding algorithm that adaptively encourages the exploration of two-dimensional dose-toxicity and dose-efficacy surfaces during dose finding. In the early stage of the trial, the algorithm gives higher priority to trying new doses, and toward the end of the trial it assigns patients to the most effective dose that is safe. Extensive simulations show that the proposed design has good operating characteristics with a high probability of selecting the BODC.
The proposed design is suitable for trials with endpoints that can be quickly evaluated. In the case that toxicity or/and efficacy take a relatively long time to be assessed, one could consider treating patients in cohorts (of size 3, for example) so that the accrual does not need to be halted as often to wait patients' outcomes to become known. Alternatively, we can accommodate such delayed outcomes in a more systematic way by taking the missing data approach (Yuan and Yin, 2011) . In addition, as other adaptive designs, our method requires continuously updating the posterior estimates whenever a new response is observed. However, this is not a concern in practical deployment of our design because fitting the proposed models (based on Markov Chain Monte Carlo) only takes less than one minute. In the proposed design, we are interested in finding the dose with highest efficacy and tolerable toxicity as the target BODC. Our design can be easily extended to the case that the target BODC is defined by a certain toxicity-efficacy trade-off function. In that case, the main exercise is to elicit a reasonable toxicity-efficacy trade-off (or utility) function from clinicians (Thall and Cook, 2004) . Once the trade-off is defined, our design can be directly applied by replacing efficacy with the trade-off as the criteria of dose escalation and selection.
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